INTRODUCTION
Allopurinol (4-hydroxypyrazolo-(3,4-d) -pyrimidine) is widely used as a hypouricemic agent in man. This compound, which is an analogue of hypoxanthine, serves as both a substrate and an inhibitor of xanthine oxidase the enzyme which catalyzes the oxidation of hypoxanthine to xanthine and xanthine to uric acid (1) (2) (3) . Allopurinol itself is rapidly oxidized in vivo by xanthine oxidase to oxipurinol (4,6-dihydroxypyrazolo-(3,4-d) -pyrimidine), an analogue of xanthine, which is also an inhibitor of xanthine oxidase. However, unlike allopurinol, oxipurinol has a long half-life in vivo (1) (2) (3) .
In addition to their inhibitory effect on purine catabolism, both allopurinol and oxipurinol have been shown to have striking effects on pyrimidine metabolism. The administration of either compound leads to an increase in the urinary excretion of orotic acid and orotidine (4, 5) ; this effect has been attributed to inhibition of pyrimidine biosynthesis de novo at one or both of the two enzymes, orotate phosphoribosyltransferase (OP-RT)' and orotidylic decarboxylase (ODC), involved in the conversion of orotic acid to uridine-5'-monophosphate (UMP) ( Fig. 1 ) (4) (5) (6) . In addition, the activity of the former enzyme, OPRT, which catalyzes the formation of orotidine-5'-monophosphate (OMP) from orotic acid, has been found to be increased in erythrocytes from allopurinol-treated patients (4) .
The observation that drug-mediated inhibition of pyrimidine biosynthesis is associated with increased activity of enzymes in this pathway provided a possible biochemical model of drug tolerance in man. In the present study, we have documented an increase in activity of both OPRT and ODC in circulating erythrocytes obtained from patients receiving allopurinol. In addition, we have examined the mechanism responsible for this increase in enzyme activity as well as the relationship of this change to the development of tolerance.
METHODS
Orotic acid-6-14C (43.5 mCi/mmole), orotic acid-7-uC (8.3 mCi/mmole), orotidine-5'-monophosphate-7-14C (21 FIGURE 1 The reactions involved in the conversion of orotic acid to uridine-5'-monophosphate which are catalyzed by orotate phosphoribosyltransferase and orotidylic decarboxylase.
Corp., Boston, Mass. Phosphoribosylpyrophosphate (PPribose-P) and 6-azauridylic acid were obtained from Calbiochem, Inc., Los Angeles, Calif. Dibutyl phthalate (specific gravity 1.046) and dimethyl phthalate (specific gravity 1.191) were purchased from Eastman Kodak Co., Rochester, N. Y. Allopurinol and oxipurinol were gifts from Dr. Gertrude B. Elion, Burroughs Wellcome & Co., Research Triangle Park, N. C. All other chemicals and reagents used were of the highest quality commercially available.
OPRT was assayed by a microradiochemical method described previously in which the conversion of orotic acid-6-"C to OMP-6-"C is determined in the presence of 6-azauridylic acid, PP-ribose-P, and magnesium (7) . Using this assay the formation of OMP was linear with respect to time and protein concentration and under all conditions less than 6%o of the labeled OMP was converted to UMP. The Michaelis constants observed for orotate and PP-ribose-P were comparable to values obtained for the purified OPRT enzyme obtained from other mammalian sources (8) . ODC was assayed by following the liberation of "CO2 from OMP-7-"C as described previously (5) . Hypoxanthineguanine phosphoribosyltransferase (HGPRT) and adenine phosphoribosyltransferase (APRT) were assayed by the method of Kelley, Rosenbloom, Henderson, and Seegmiller (9) . Each of these enzymes were found to be relatively stable in undiluted, undialyzed hemolysates for at least 2 wI; when stored at -70' providing the samples were not repeatedly thawed and frozen. However, in order to further insure stability of these enzymes in hemolysate which were to be stored for more than a few hours, most samples were stored in the presence of 5 mm Mg" and 1 mm PP-ribose-P. Protein was determined by the method of Lowry (10) and serum urate by an enzymatic method (11) . Urinary oxypurines were determined by enzymatic conversion to uric acid (12) . Urinary pyrimidines were identified and quantitated with the UV analyzer which was developed by the Biological Fluids Division of the Oak Ridge National Laboratory (13) . The effect of initiation of allopurinol or oxipurinol therapy on enzyme activity in circulating erythrocytes was determined in nine patients with gout. Seven of these gouty subjects (R. R., J. M., C. R., W. H. H., A. B., P. S., and J. W.) were hospitalized on the Clinical Research Unit where they were maintained on a diet essentially free of purines and controlled drug regimen for at least 3 days before and during the study period. Two patients (A. H. and J. E. J.) were studied as outpatients where drug intake was less rigorously controlled and no attempt was made to control the diet. All nine patients had either never been treated with allopurinol or had been requested to discontinue the drug 1 month before the study. In three of the hospitalized patients who had not previously been treated with allopurinol, the effect of allopurinol (J. M. and C. R.) or oxipurinol (W. H. H.) on enzyme activity was determined in erythrocytes separated by their density.
The metabolism of orotic acid 7-"C in vivo was determ.ned in three of these gouty patients (A. B., P. S., and J. W.) before and during allopurinol therapy by following the excretion of "C-metabolites of orotic acid in the urine and of "CO2 in expired air (14) . Orotic acid-7-"C was dissolved in physiologic saline, sterilized by filtration through a 0.2 1A Millipore filter (Millipore Corp., Bedford, Mass.) and administered i.v. at a dosage of 0.15 uCi/kg. After administration of orotic acid-7-"C, all urine was collected at 30-min intervals for 21 hr and then every 6 hr for 48 hr. Expired air was collected for 3 min every 7-15 min in meterologic balloons for the first 21 hr (total of 11 samples).
Portions (100-200 /dl) from each urine sample were suspended in Bray's solution and counted in a Packard Tricarb scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.) using external standardization.
For at least the first 21 hr, approximately 90% of the "C detectable in the urir.e was present as orotic acid-1'C after separation by descending paper chromatography in butanol: acetic acid: water (2: 1: 1). Measured portions of expired air (usually 3000 ml) were bubbled through two 5 ml volumes of methanol-ethanolamine (80: 20) solution. A portion of this methanol-ethanolamine solution was then suspended in a triton-toluene scintillation fluid and counted in a Packard Tricarb Scintillation spectrometer at 82%o efficiency (15) . The efficiency of the ethanolamine-methanol system for trapping "CO2 was greater than 95%o. The Pco2 of each portion of expired air was determined by a gas electrode in order to correct for variation in ventilation and to calculate the total CO2 in expired air using the gas law. Urinary "C metabolites are expressed as dpm excreted per total urine volume for the 48 hr period. The excretion of "CO2 in expired air is expressed as dpm/mmole C02 per total measured volume and represents the total radioactivity recovered in the 11 portions collected during the 21 hr test period.
Leukocytes were separated from erythrocytes by selective osmotic lysis of erythrocytes according to the method of Chodirker, Bock, and Vaughan (16) or by differential sedimentation of erythrocytes in the presence of fibrinogen (17) . Although all the data presented in the present study way obtained using the former method, the latter method usually provided a better separation of leukocytes from erythrocytes and accordingly leukocyte ODC activity generally appeared somewhat higher using this techniqte. Cell suspensions were prepared by determining the total wet weight and adding sufficient volume of 0.05 M Na phosphate buffer, pH 7.4 to achieve a concentration of 80-100 mg/ml. The Erythrocytes were separated by their specific density using a modification of the method of Brok, Ramot, Zwang, and Danon (18) . 25 ml of freshly drawn heparinized venous blood was divided into two equal volumes. Each of these samples were overlaid with 2 ml of dimethyl-dibutyl phthalate mixture with a specific gravity of 1.090 (prepared by mixing appropriate volumes of dimethyl and dibutyl phthalate solution) and centrifuged for 90 min at 12,000 g at 15'C. After centrifugation, the buffy coat and plasma were withdrawn and discarded. Each of the two red cell fractions (separated by the nonmiscible phthalate solution) was transferred to another Nalgene or glass tube. The upper volume was overlaid with 1 ml phthalate mixture with a specific gravity of 1.086 and the lower was overlaid with 1 ml phthalate mixture with a specific gravity of 1.094. The cells were centrifuged for 90 min at 12,000 g and 15'C. This two-stage centrifugation resulted in four red cell samples of approximately equal volume with four specific densities: (a) less than 1.086; (b) greater than 1.086 but less than 1.090; (c) greater than 1.090 but less than 1.094; and (d) greater than 1.094. The least dense cells correspond to the youngest and the most dense to the oldest cells (19 to 6 yr. Erythrocyte OPRT and ODC activities were found to be 8.7-and 8.2-fold higher, respectively, in the allopurinol-treated group when compared with the control group (Table I) . These data confirm in a larger group of patients the elevated erythrocyte OPRT activity recently reported by Fox, Royse-Smith, and O'Sullivan (4) and demonstrate a similar increase in erythrocyte ODC activity.
The specific activities of OPRT, ODC, and two purine phosphoribosyltransferase enzymes, HGPRT and APRT, in circulating erythrocytes obtained from three patients before and during 10 wk of allopurinol therapy are illustrated in Fig. 2 . The erythrocyte ODC and OPRT activity began to increase from 3 to 7 days after initiation of allopurinol therapy and reached a relatively stable level in 3-6 wk. In each of these three patients, the increase in OPRT -activity was greater and appeared to occur sooner than the increase in ODC activity. However, in several patients treated with prolonged therapy the final levels of activity of OPRT and ODC observed in erythrocytes in vivo were similar (see Tables I and III) . There was no significant change in the activity of the two purine phosphoribosyltransferase enzymes, HGPRT and APRT.
Effect of atlopurinol on ODC activity in circulating leukocytes. ODC was assayed in leukocytes from 15 normal untreated patients and 10 gouty patients receiving allopurinol at a dose ranging from 300 to 800 mg/day (Table II) . In leukocytes as in erythrocytes ODC activity was significantly higher (P < 0.025) in allopurinol treated patients when compared to untreated patients. However, the magnitude of the increase in ODC activity in leukocytes was substantially less than that observed in erythrocytes. Similar increases in leukocyte ODC activity were seen in one patient treated with oxipurinol. on ODC activity in leukocytes was maximal as early as 3 days after initiation of therapy.
Effect of prolonged allopurinol therapy on the metabolism of orotic acid-7-14C in vivo. The metabolism of orotic acid-7-J4C in three gouty patients before and after allopurinol therapy is illustrated in Table III . Patients A. B., P. S., and J. W. had increased urinary excretion of 14C metabolites of orotic acid and decreased excretion of 'CO2 in expired gas after initiation of therapy, and both of these effects were essentially unchanged after 60 days therapy. Erythrocyte OPRT and ODC activities increased 8-10-fold during this treatment period. When allopurinol was discontinued for 7 days patients A. B. and P. S. had an increased excretion of 14CO2 in expired air. The effect was more marked in patient P. S., who excreted 33% more labeled CO than during the control pretherapy period. Urinary excretion of 14C metabolites returned essentially to basal levels with cessation of therapy in these two patients.
Effect of prolonged allopurinol therapy on the urinary excretion of orotidine and orotic acid. Urinary orotic acid and orotidine were quantitated serially in three gouty patients (R. R., A. H., and J. E. J.) receiving allopurinol at a dose of 400-800 mg/day for up to 120 days; In the former subject the values reported are based on 24-hr collection periods whereas in the latter two subjects early morning urine samples were obtained and the values reported are based on a creatinine excretion of 2.5 g/day which is approximately the daily creatinine excretion in these two subjects. The effect of allopurinol therapy on urinary excretion of orotidine and orotic acid as well as uric acid and oxypurines in these three patients is illustrated in Table  IV . There was no consistent decrease in the urinary excretion of either orotidine or orotic acid in the three patients over a 10-17 wk period despite the striking increases in erythrocyte OPRT and ODC activity.
Effect of allopurinol on OPRT and ODC in erythrocytes of different density. The activity of OPRT, ODC, and APRT in erythrocytes of different density is illustrated in Fig. 3 . APRT and ODC were assayed in cell fractions from eight healthy adults receiving no medications and six hyperuricemic patients treated with allopurinol at a dose of 300400 mg/day for 2 months to 6 yr. OPRT was assayed in cell fractions from four healthy adults receiving no drugs and five hyperuricemic patients receiving allopurinol as described above. All subjects had normal HGPRT.
There was no significant difference in the specific activity or rate of decline in activity of the APRT enzyme with increasing cell age in the control group as compared to the allopurinol-treated group (P> 0.05). ODC activity in fractionated erythrocytes from the control group decreased from 180% to 30% of mean activity with increasing cell density while ODC activity in fractionated erythrocytes from the allopurinol treated patients decreased from 160% to 54% of mean activity (A). ODC activity was significantly increased in each cell fraction from the allopurinol-treated group as compared with the corresponding cell fraction in the control group (P = 0.001) (B). Regression analyses by least squares showed no significant difference in the rate of decline of ODC activity from cells with increasing density (P > 0.05) between the treated and untreated patients. OPRT activity in the control group decreased from 217% to 24% of mean with increasing cell density and from 184% to 40% for the allopurinoltreated group (A). Again a significant increase in OPRT activity in the allopurinol therapy group was maintained in all cell fractions (P = 0.016) (B). Regression analysis showed no difference in the rate of decline of OPRT activity between the control and allopurinol-treated groups. The difference in OPRT and ODC activity between control and allopurinoltreated groups was still evident if the curves were extended to a specific gravity of 1.062, a value corresponding to the least dense cells in human blood (19) . The early effects of allopurinol therapy (800 mg/ day) on OPRT and ODC activity in erythrocytes of increasing density is seen in Fig. 4 (patient C. R.). After only 6 days of therapy, there was increased ac-TAB The Effect of Prolonged Allopurinol Therapy on Urinar tivity of OPRT and ODC in all cell fractions. The activity of both enzymes continued to increase at approximately the same rate in cells of all ages with continued therapy. In a second patient treated with allopurinol (J. M.), an increase in OPRT activity was apparent in all cell fractions after 3 days of therapy. However, in J. M., in contrast to the results obtained in C. R., an increase in ODC activity was not observed during the first 16 days of therapy. This delayed increase in ODC activity is similar to that observed in A. H. (see Fig. 2 ). As illustrated in Fig. 5 led to an alteration of OPRT and ODC activity which was similar to that observed in C. R. Effect of allopurinol and oxipurinol on OPRT activity in erythrocytes in vitro. Oxipurinol and to a lesser extent allopurinol were found to increase OPRT activity in vitro in erythrocytes obtained from patients not previously treated with allopurinol but not in erythrocytes from allopurinol-treated patients (Fig. 6) . Incubation of erythrocytes from untreated patients for 4 hr with oxipurinol at concentrations of 0.1 mm and 0.3 mm, which are similar to those observed in plasma of allopurinol-treated patients, led to a 115% and 350% increase, respectively, in OPRT activity over control values. Incubation of the cells with 1 mm allopurinol for 4 hr produced a 150% increase over control values. Control values remained essentially unchanged for the OPRT enzyme over the 4 hr study period. The effect of oxipurinol and allopurinol was not altered when cycloheximide (0.1 mM) or actinomycin D (5 /lg/ml) were included in the incubation mixture. Oxipurinol and allopurinol at concentrations as high as 1 mm did not increase OPRT activity in erythrocytes from allopurinol-treated patients.
The increased enzyme activities produced by allopurinol or oxipurinol in vitro (or in vivo) were not altered by dialysis against 0.01 M Tris HCl pH 7.40 for 2 hr. In addition, no increase in OPRT activity could be demonstrated if the cells were lysed prior to incubation with either drug. The increase in OPRT activity produced by oxipurinol and allopurinol in vitro in intact cells from untreated patients was not associated with an increase in ODC activity. Incubation of intact erythrocytes in the presence of 1 mm orotic acid (two experiments) or 1 mM orotidine (one experiment) Effect of allopurinol on pyrimidine metabolism in patients with orotic aciduria. Two children with hereditary orotic aciduria (21, 22) were treated for 8 wk with allopurinol, 6-8 mg/kg per day (Table V) (24) have proposed a molecular model to explain drug effect, tolerance, and withdrawal in which drug-mediated inhibition of an enzyme is followed by increased levels of the inhibited enzyme. This increase in enzyme activity would result in the need for larger amounts of drug to effect the same response. Similarly abrupt withdrawal of the drug would result in a temporary excess in product formation due to the uninhibited increase in enzyme activity. This model is quite general and increased enzyme activity could be due to increased enzyme protein as a result of an alteration in the rate of enzyme synthesis or degradation or due to an activation of the enzyme molecule. Pinsky and Krooth found an increase in the levels of the OPRT and ODC in cultured fibroblasts following the addition of azauridine which, upon conversion to its ribonucleotide derivative, is a potent inhibitor of ODC (25, 26) . In addition, the administration of 6-azauridine to rats for 10 days results in greater than a two-fold increase in ODC activity in spleen, liver, kidney, and heart (27) . Krooth has recently emphasized the relevance of these observations in cell culture and in experimental animals to this proposed model of drug tolerance (27) . Fallon, Frei, and Freireich described the development of "clinical resistance" to 6-azauridine therapy in patients with leukemia when in spite of an increased dose of 6-azauridine there was a decrease in the amount of measured inhibition of orotidylic decarboxylase and no fall in the white blood cell count (28) .
The finding in man that allopurinol mediated inhibition of pyrimidine biosynthesis de novo is followed by an increased activity of erythrocyte OPRT and ODC, the two enzymes which are thought to be inhibited, would also appear to be consistent with this model of drug tolerance. The observed increase in ODC in leukocytes adds further support for this thesis suggesting that the response is manifest in nucleated as well as non-nucleated cells. However, attempts to determine if the increased activity of OPRT and ODC during allopurinol therapy reflected the development of tolerance to the inhibitory effect of allopurinol on pyrimidine biosynthesis were largely unsuccessful. First, the allopurinol-mediated inhibition of orotic acid-7-'4C metabolism remains essentially unchanged during prolonged therapy. However, interpretation of this finding is difficult since the blood and tissue levels of the actual inhibitors of pyrimidine biosynthesis as well as orotic acid itself are unknown. In addition, although there was no discernible decrease in urinary orotic acid or orotidine with extended treatment the values observed were quite variable. Nonetheless, the alteration of OPRT and ODC activity observed during allopurinol and oxipurinol therapy appears to represent a rather unique example in man where the mechanism of drug-mediated increase in enzyme activity can be examined directly.
Increased enzyme activity could theoretically be due to enzyme stabilization, induction of enzyme synthesis, or enzyme activation. Fox, Wood, and O'Sullivan have attributed this increase in activity to "pseudo-substrate" stabilization of the OPRT and ODC enzymes (29) . In our studies enzyme stabilization does not seem to account for the increased erythrocyte OPRT and ODC activity resulting from allopurinol therapy since there is no An increase in OPRT activity was demonstrated by incubation of intact erythrocytes from untreated patients with allopurinol or oxipurinol in vitro. Several observations indicated that this effect observed in vitro was also due to "activation" of the enzyme. First, the increased activity could not be attributed to increased protein synthesis due to an alteration in the rate of translation or transcription since mature human erythrocytes cannot perform these cellular functions and the effect was not altered by inhibitors of these processes. Secondly, stabilization of the enzyme in vitro could not account for the absolute increase in activity observed. The observation that no increase in activity occurred when cells from allopurinol-treated patients were incubated with allopurinol or oxipurinol provided further evidence that the effect observed in vitro was similar to that observed in vivo. Despite the apparent similarity of the "activation" of OPRT observed in vitro as compared with that observed in vivo, several important differences were noted which cannot readily be accounted for. The rate of increase in erythrocyte OPRT activity was much greater in vitro than in vivo. This could be a reflection of the time necessary after the administration of allopurinol or oxipurinol in vivo to achieve a concentration of oxipurinol in plasma comparable with that used in vitro. However, we have no data relevant to this hypothesis. In addition, in contrast to the findings in vivo, there was no increase in the activity of ODC after incubation of erythrocytes with oxipurinol or allopurinol in vitro. Since the increase in OPRT activity usually preceded the increase in ODC activity in vivo, perhaps a similar delay would have been observed in vitro if incubation conditions could have been further prolonged.
The exact mechanism responsible for this apparent "activation" of OPRT by allopurinol and oxipurinol in vitro is not clear. It certainly differs from enzyme activation in the classical sense in that it appears to require the presence of an intact cell and removal of low molecular weight components by dialysis does not reverse the effect. A similar enzyme "activation" occurring only in intact cells has been reported by Comstock and Udenfriend with collagen proline hydroxylase in response to lactate in fibroblasts (30) .
Previous studies of OPRT and ODC from mammalian sources have shown that these two enzymes copurify up to 5400-fold and are not separated by classical methods (31) (32) (33) . In addition, patients with hereditary orotic aciduria with one possible exception (34) exhibit a deficiency of both of these enzymes (35) . These previous observations suggest that the two enzyme activities reside in the same enzyme protein or that the two enzymes are related in a complex. The findings reported here are consistent with either hypothesis. However, in contrast to the findings reported by Fox, Wood, and O'Sullivan (29) , the level of OPRT activity in erythrocytes was not always the same as the level of ODC activity. This was particularly true when activity of the two enzymes in erythrocytes is compared within a few days after initiation of allopurinol therapy. Fox, Wood, and O'Sullivan apparently did not examine the level of activity of both enzymes during the period when enzyme activity was rapidly increased. This could account for the differences in our findings.
The increased OPRT and ODC activity produced by allopurinol administration in man suggested an alternate approach to therapy of patients with orotic aciduria who have a deficiency of both of these enzymes in vivo. Two children with hereditary orotic aciduria were treated with allopurinol for up to 8 wk. During this treatment period, no increase in OPRT or ODC activity was observed in circulating erythrocytes. In addition, there was no detectable decrease in urinary orotic acid excretion. However, the presence of orotidine in the urine as well as the increase in urinary orotidine during the treatment with allopurinol suggests that both patients had some OPRT activity in vivo. 
